PGC-1α, a potent transcriptional coactivator, is the major regulator of mitochondrial biogenesis and activity in the cardiac muscle. The dysregulation of PGC-1α and its target genes has been reported to be associated with congenital and acquired heart diseases. By examining myocardium samples from patients with Tetralogy of Fallot, we show here that PGC-1α expression levels are markedly increased in patients compared with healthy controls and positively correlated with the severity of cyanosis. Furthermore, hypoxia significantly induced the expression of PGC-1α and mitochondrial biogenesis in cultured cardiac myocytes. Mechanistic studies suggest that hypoxia-induced PGC-1α expression is regulated through the AMPK signaling pathway. Together, our data indicate that hypoxia can stimulate the expression of PGC-1α and mitochondrial biogenesis in the cardiac myocytes, and this process might provide a potential adaptive mechanism for cardiac myocytes to increase ATP output and minimize hypoxic damage to the heart.
Introduction
Tetralogy of Fallot (TOF) is one of the most common types of cyanotic heart lesions and occurs in 8% to 9.7% of children with congenital heart disease [1, 2] . TOF is a conoventricular abnormality that consists of four anatomical malformations: (1) a ventricular septal defect; (2) a pulmonary arterial stenosis; (3) an aortic valve that overrides the interventricular septum; and (4) hypertrophy of the right ventricle, which may not occur until the neonatal period [3, 4] . TOF patients suffer from systemic chronic hypoxia and sustained pressure overload of the right ventricle. Survival is dependent on many adaptive mechanisms, including altered expression of protective angiogenic, metabolic and antioxidant genes in the myocardium, which improve O 2 delivery and energy production and minimize reoxygenation injury [5] [6] [7] . TOF patients usually undergo surgery at a young age to repair their malfunctions; however, delayed treatment of TOF is associated with maladaptive changes that result in decreased myocardial performance [6, 8] .
The importance of mitochondria in energy production of cardiac muscles has been well documented in the last two decades. A large body of work has been established to suggest that congenital and acquired heart diseases are associated with mitochondrial abnormalities [9] [10] [11] . Reduced mitochondrial enzymatic activities [12, 13] and mitochondrial abnormalities [14, 15] have been reportedly found in the hearts of TOF patients. PGC-1α, a potent transcriptional coactivator of many nuclear receptors and transcription factors, serves as a major regulator of mitochondrial biogenesis and activity [16] [17] [18] [19] . PGC-1α regulates the expression of many genes that code for mitochondrial proteins. It is abundantly expressed in heart tissue and has been demonstrated to have a critical role in the expression of genes involved in the mitochondrial ATP-generating pathway in the heart, working through a panel of molecules including PPARs, estrogen-related receptors, nuclear respiratory factors (NRFs), and other factors, such as muscle enhancer factor-2 [20] [21] [22] . Furthermore, it has been shown that forced expression of PGC-1α in mutant cardiac myocytes prevents the apoptotic phenotype of these cells [23] .
Given the importance of PGC-1α in heart energy metabolism, PGC-1α expression in cardiac muscle is tightly modulated [20] . Expression of PGC-1α is induced perinatally and gradually increases to a high level in the adult heart, accompanying physiological heart growth [21, 24] . Pathological cardiac hypertrophy, induced by aortic banding in the mouse models of chronic pressure overload, results in a decrease in myocardial expression of both PGC-1α [25, 26] and its target genes that are involved in fatty acid oxidation and oxidative phosphorylation [21, 25] . These results indicate that PGC-1α expression is highly relevant to heart development and heart disease.
Because the two major risk factors of TOF patients are systemic chronic hypoxia and sustained pressure overload to the right ventricle, it is important to explore the PGC-1α expression level in the right ventricle of TOF patients. In this study, we show that both PGC-1α expression and mitochondrial number are significantly increased in the myocardium of TOF patients. Furthermore, PGC-1α expression is increased in primary myocardial cells and myocardial cell lines cultured under hypoxic conditions, and this is accompanied by increased mitochondrial biogenesis. Mechanistic studies suggest that hypoxia-induced PGC-1α expression is regulated through the AMPK signaling pathway. Thus, our results suggest that hypoxia induces the expression of PGC-1α and mitochondrial biogenesis through the AMPK signaling pathway.
Results

Patient characteristics
With a total of 29 patients, 17 TOF and 12 normal subjects were studied (Table 1) . TOF patients had significantly lower O 2 saturation in their blood (86% ± 2% versus 98% ± 2%; P < 0.001), higher mean preoperative hematocrit (51% ± 2% versus 35% ± 1%; P < 0.001) and higher hemoglobin concentrations (170 ± 7 versus 118 ± 5 g/l; P < 0.001) when compared with the normal group. These data indicate that the TOF patients suffered from severe systemic hypoxia.
Increased mitochondrial number in the heart tissue of TOF patients
TOF is a complicated heart disease with abnormal energy metabolism caused by chronic hypoxia and sustained pressure overload. Given the vital role of mitochondria in energy metabolism, we examined the mitochondrial ultra-structure in the myocardial muscle tissue of TOF patients using transmission electron microscopy. Mitochondrial sections of the TOF myocardium exhibited vacuolar degeneration and breakage of the mitochondrial cristae. Strikingly, an increased number of mitochondria was observed in the TOF myocardium compared with the control ( Figure 1A) . Quantification of the mitochondria volume showed that there was a 1.6-fold increase in the myocardium of TOF patients compared with that of the control group ( Figure 1B , P < 0.05). The measurement of mitochondrial DNA content by real-time PCR further confirmed the increased mitochondrial biogenesis in the myocardium of TOF patients. As shown in Figure 1C , the relative median mtDNA copy number was 1.44-fold higher in the myocardium of TOF patients than in control subjects (P < 0.05).
PGC-1α expression is increased in the myocardial muscle of TOF patients
PGC-1α is a key regulator of mitochondrial biogenesis and activity. The expression of PGC-1α has been found to be altered in the myocardium of subjects with various heart diseases [21, 25, 26] . Given the mitochondrial abnormality in the cardiac muscles of TOF patients, we examined the PGC-1α expression levels in the myocardial muscles of the 17 TOF patients and 12 control subjects. We found that the PGC-1α mRNA level in the myocardial muscles from TOF patients was approximately 1.6-fold higher than that of control subjects (Figure 2A) . Interestingly, the PGC-1α protein level was also found to be significantly increased in these samples ( Figure 2B ). The specificity of the PGC-1α antibody used in this study is shown in Supplementary information, Figure S1 .
PGC-1α expression is correlated with the severity of cyanosis
Next, PGC-1α mRNA expression was analyzed in the myocardial muscles of individual TOF patients. As shown in Figure 3 , the PGC-1α mRNA level in the heart tissue correlated inversely with the preoperative blood O 2 saturation ( Figure 3A , r = −0.535, P = 0.029) but positively with the hematocrit of TOF patients ( Figure 3B , r = 0.504, P = 0.040), indicating that PGC-1α expression is positively correlated with the severity of cyanosis. These results suggest that hypoxia may be a main cause of the elevated PGC-1α expression in the myocardial muscles of TOF patients.
Hypoxia induces PGC-1α expression in the H9c2 cell line and in cultured primary cardiac myocytes
To further study the mechanism underlying the elevated PGC-1α expression in the myocardium of TOF patients, we determined the effect of hypoxia on PGC-1α expression in cultured H9c2 cells and primary cardiac myocytes. As shown in Figure 4A , the PGC-1α mRNA level in H9c2 cells cultured under hypoxic conditions was increased more than 3-fold compared with that of the control group. The increase in mRNA levels of PGC-1α npg was accompanied by a significant increase in the PGC-1α protein level ( Figure 4B ). This trend was mirrored in the primary cardiac myocyte cultures. Under hypoxic conditions, the PGC-1α mRNA expression increased by 1.6-fold ( Figure 4C ) and the protein level increased by 2-fold ( Figure 4D ). These results indicate that hypoxia increases PGC-1α expression in cardiac myocytes and likely contributes to the elevation of PGC-1α in the myocardium of TOF patients.
The AMPK signaling pathway is involved in hypoxiainduced PGC-1α expression
AMPK is a heterotrimer composed of a catalytic α subunit and regulatory β and γ subunits. It is activated by the binding of AMP to two sites on the γ subunit, leading to allosteric activation of AMPK and phosphorylation of the α subunit at Thr-172 [27, 28] . It is generally accepted that AMPK functions to maintain the ATP supply in all eukaryotic cells. To determine whether the AMPK signaling pathway is involved in hypoxia-induced PGC-1α expression, we checked the phosphorylation levels of AMPK in primary cardiac myocytes cultured under normal and hypoxic conditions. The results showed that hypoxia markedly activated AMPK (
Figure 5B), and this was associated with a 1.8-fold increase in the PGC-1α mRNA level and an approximately 1.5-fold increase Figure 2 PGC-1α expressions were elevated in the heart tissue of TOF patients compared with control subjects. PGC-1α mRNA expression was determined by real-time PCR (A). Samples were normalized using the geometric mean of four housekeeping genes (HPRT1, RPLP0, POLR2A and β-actin). PGC-1α protein levels were determined by western blotting with anti-PGC-1α antibody and by comparing to the blotting with anti-GAPDH antibody, and densitometry analysis of PGC-1α is shown (B). Representative blots of three similar results are shown. The data represent 17 TOF and 12 control subjects. **P < 0.01 compared with control. in the PGC-1α protein level ( Figure 5A and 5C). In the presence of 10 µM AMPK inhibitor, the phosphorylation of AMPK was slightly blocked. However, when the concentration of compound C was increased to 40 µM, the activation of AMPK was largely abolished ( Figure 5B ). Interestingly, in the compound C-treated samples, the expression of both PGC-1α mRNA and protein was decreased to a level that was even lower than that of normal conditions ( Figure 5A and 5C). To further test the role of the AMPK pathway in hypoxia-induced PGC-1α expression, we knocked down the expression of the α subunit of AMPK by siRNA interference. To achieve the highest efficiency of gene silencing, a combination of two siRNA oligonucleotide sequences derived from the two isoforms of the α subunit was introduced to the cells. As shown in Figure 5E , the combined siRNAs significantly lowered αAMPK expression. Following AMPK knockdown, the stimulatory effect of hypoxia on PGC-1α expression was abolished ( Figure 5D and 5F). Together, these results indicate that the AMPK signaling pathway is involved in hypoxia-induced PGC-1α expression.
Hypoxia induces the expression of key genes relating to mitochondrial biogenesis
There are several key genes, such as mitochondria DNA transcriptional factor A (TFAM), aminolevulinate [19, 29] . To test whether the elevation of PGC-1α expression by hypoxia is associated with up-regulation of the expression of these genes, we examined their mRNA levels in primary cardiac myocytes cultured under hypoxic conditions. As shown in Figure 6A , we found that the mRNA level of TFAM in the cells cultured under hypoxic conditions was increased 5-fold compared with that of the cells cultured under normal conditions after 12 h. Under hypoxic conditions, the mRNA levels of ALAS and Cyto c in cardiac myocytes were increased 2.1-fold and 1.6-fold, respectively, compared with those under normal conditions ( Figure 6A ). Moreover, the mtDNA copy number was 1.3-fold higher in the cells cultured under hypoxic conditions ( Figure 6B ). To further investigate whether elevated expression of PGC-1α increases the functional capacity for mitochondrial respiration in cardiac myocytes cultured under hypoxic conditions, oxygen consumption rates were determined. After 12 h of incubation in hypoxic conditions, the basal oxygen consumption of cardiac myocytes was about 2.1-fold higher than that of cells cultured under normal conditions ( Figure 6C ). The FCCP-stimulated oxygen consumption reflects the number and electron transport activity of mitochondria. Figure 6C shows that the FCCP-stimulated oxygen consumption was increased 1.9-fold in the hypoxia group. Oligomycin allows respiration through proton leak only. In the presence of this drug, the oxygen consumption was 3.1-fold higher in the hypoxia group. These results, together with the increased mitochondrial number observed in the myocardial muscle of TOF patients (Figure 1) , suggest that hypoxia activates the mitochondrial biogenesis program in cardiac myocytes.
To test whether PGC-1α is involved in hypoxia-stimulated mitochondrial gene expression and mtDNA replication, we used siRNA to knock down PGC-1α expression. The efficiency of the siRNA we used was described previously [30, 31] and is also shown in Supplementary information, Figure S1 . Following PGC-1α knockdown, hypoxia-induced TFAM, ALAS and Cyto c expression were partially abolished ( Figure 6A) . Meanwhile, the mtDNA levels returned to levels similar to those of cells Figure 6 Hypoxia induces mitochondrial biogenesis in vitro. Cardiac myocytes transfected with scrambled sequence (Src) or PGC-1α siRNA (siRNA) were cultured under normal or hypoxic conditions. TFAM, ALAS and cytochrome c (Cyto c) mRNA levels were determined by real-time PCR (A). Relative mtDNA levels were determined by real-time PCR (B). Basal, maximum, and uncoupled respiration of these cells was determined (C). Each measurement was performed in triplicate and normalized to the protein content of the cells. *P < 0.05, **P < 0.01, #P < 0.001 compared with the normal group. Figure 6B ). As shown in Figure 6C , the increased basal, maximal and uncoupled mitochondrial respiration levels observed in hypoxic conditions also partially reverted. These results indicate that the increased PGC-1α expression is involved in, but not required for, the observed stimulation of mitochondrial biogenesis by hypoxia.
Discussion
Recently, it has been established that PGC-1α expression is associated with tissue O 2 content. PGC-1α expression was reported to be induced by a lack of nutrients and oxygen and to contribute to the up-regulation of VEGF expression and angiogenesis in skeletal muscle [32] . Hypoxia was also found to increase PGC-1α expression and stimulate mitochondrial biogenesis in the brain subcortex [33] . However, in a rat model of neonatal hypoxic/ischemic brain injury, PGC-1α expression was found to be unchanged [34] . In our study, we found that in the myocardial muscle of patients with TOF, PGC-1α expression is up-regulated ( Figure 2 ). Sustained pressure overload in the right ventricle of the heart and chronic systemic hypoxia are the primary indications of TOF [3, 4] . In previous studies, PGC-1α expression was reported to be reduced in the heart tissue in several wellestablished pressure overload models [21, 25, 26] . We hypothesized that it is the lack of oxygen that causes the increase in PGC-1α expression in the myocardium of TOF patients. Our results show that PGC-1α expression in the myocardium of TOF patients is correlated with the severity of cyanosis ( Figure 3 ) and that hypoxia induces PGC-1α expression in cultured cardiac myocytes ( Figure  4) . We therefore conclude that hypoxia contributes at least partially to the elevation of PGC-1α in the myocardium of TOF patients. This is the first report establishing the relationship between O 2 content and PGC-1α expression in cardiac myocytes.
The mechanism underlying hypoxia-induced PGC-1α expression was not clear. It has been shown that a hypoxic environment can induce PGC-1α expression in a HIF-independent pathway [32] . The AMPK signaling pathway, a stress response pathway, has been reported to be involved in many adaptive processes that increase cell survival under a variety of conditions. It has been shown that hypoxia can activate the AMPK pathway in the myocardium [35, 36] . In our study, we found that hypoxiainduced PGC-1α expression was associated with the activation of AMPK. We also found that blocking the AMPK pathway, either by the addition of an AMPK inhibitor or by transfection of AMPK siRNAs, returned both PGC-1α mRNA and protein expression levels to those of normally cultured cells (Figure 5 ), indicating that hypoxic conditions alter PGC-1α expression through an AMPK-dependent pathway. We noted that the basal level of PGC-1α seemed to be affected by manipulation of the AMPK pathway ( Figure 5A , 5C, 5D and 5F), suggesting that the AMPK pathway is also important for maintaining the basal level of PGC-1α in cardiac myocytes. AICAR, an AMP-activated protein kinase agonist, has been shown to increase PGC-1α expression and increase mitochondrial biogenesis and activity in skeletal muscle tissue [37, 38] . Our results further describe the positive effect of AMPK activation on PGC-1α expression and mitochondrial biogenesis and also suggest a new strategy to activate the AMPK pathway and thus increase PGC-1α expression.
One of the primary functions of PGC-1α is the activation of mitochondrial biogenesis and oxidative phosphorylation [16] [17] [18] [19] . Over-expression of PGC-1α can increase mitochondrial number and activity in cultured cardiac myocytes [24] and in the heart tissue of mice [39] . Hearts from PGC-1α knockout mice show reduced mitochondrial enzymatic activities and decreased levels of ATP [21] . These gain-or loss-of-function experiments have demonstrated that PGC-1α is able to activate the full programs of mitochondrial biogenesis and oxidative phosphorylation in the cardiac muscle bed. In the present study, PGC-1α expression was found to be significantly higher in the myocardium from TOF patients compared with control subjects. Given the fundamental role of PGC-1α in mitochondrial biogenesis in the cardiac muscle, we investigated the mitochondria in the myocardium using transmission electron microscopy. We found mitochondrial number to be increased in TOF patients. Meanwhile, the relative mitochondrial DNA copy number was statistically significantly higher in the myocardium of TOF patients (Figure 1 ). TFAM is a nuclear encoded factor that translocates to the mitochondria, where it binds to the D loop of mitochondrial DNA and activates its replication and transcription. TFAM has been shown to be regulated by PGC-1α through coactivation with NRFs [19] . Elevation of PGC-1α expression has also been reported to increase the expression of genes critical for mitochondrial function, such as ALAS and Cyto c. In our experiments, the expression levels of these genes were markedly increased under hypoxic conditions in cultured primary cardiac myocytes ( Figure 6 ). Furthermore, the basal, uncoupled and maximum respiration rates were significantly higher in the cells cultured under hypoxic conditions compared with those of the normal group. When PGC-1α expression was knocked down by siRNA, the increase in expression of these genes was partially abolished, suggesting that hypoxia-induced PGC-1α expression was involved in the up-regulation of mitochon- drial gene expression. However, our data also indicate that although PGC-1α has a critical role in mitochondrial biogenesis, it is not absolutely required for mitochondrial biogenesis. This is consistent with a previous observation that PGC-1α knockout mice have normal tissue structure and mitochondrial biogenesis in the myocardium [21] . Additional regulators of mitochondrial biogenesis were investigated by microarray analysis, and expression of many of these genes was found to be slightly increased (Supplementary information, Figure S2) .
The increase in PGC-1α expression and mitochondrial biogenesis in the myocardium of TOF patients could potentially be a compensatory mechanism to meet the demands for ATP in an attempt to minimize hypoxic damage. The survival of TOF patients is dependent on many adaptive mechanisms to improve O 2 delivery and energy production along with mechanisms that minimize reoxygenation injury [5] [6] [7] . Under hypoxic conditions, because of the insufficient O 2 supply, the production of ATP by each mitochondrion is decreased. To meet the energy supply, the cells must increase the number of the mitochondria to produce more ATP. Thus, the elevation of PGC-1α expression and mitochondrial number found in our study could be a mechanism by which the cardiac myocytes attempt to increase the energy output. The data from microarray analysis showed that under hypoxic conditions, the glycolytic pathway was markedly activated in cultured cardiac myocytes (Supplementary information, Figure S3 ), suggesting a switch of fuel selection. However, in the myocardium of TOF patients, activation of the glycolytic pathway is less obvious, indicating that the in vivo conditions are more complicated. Meanwhile, chronic hypoxia in vivo may cause other adaptive changes to restore the fuel selection. There has been a report that showed a switch of mitochondrial metabolic properties to better use oxygen under hypoxic conditions [40] . In our experiments, we also found that the Cox4 isoform 1 (Cox4I1) expression is slightly lower in TOF hearts, whereas the Cox4 isoform 2 (Cox4I2) expression is about 1.3-fold higher in TOF hearts compared with control. In the cells cultured under hypoxic conditions, Cox4I2 expression was increased by 1.7-fold compared with the control group; meanwhile, the Cox4I1 expression was not significantly altered (Supplementary information, Figure S2 ). All of these results indicate that several adaptive mechanisms exist in the cardiac myocytes. It also has been shown that hypoxia induces PGC-1α expression, VEGF expression and angiogenesis in muscle cells, aiding the body in improving O 2 delivery [32] . Our new findings provide additional insights to address the adaptive mechanism by which the body attempts to minimize injuries due to hypoxic conditions. However, prolonged challenges to the heart may cause abnormal mitochondrial activity and morphology. Several reports showed decreased mitochondrial enzyme activity in TOF hearts [12, 13] . Our results also showed vacuolar degeneration and breakage of the mitochondrial cristae in the myocardium of TOF patients ( Figure 1A) . These results indicate that although cells try to meet the energy demand by increasing the mitochondrial number, early surgical repair of TOF is necessary to minimize organ damage, and the elevation of PGC-1α expression could be helpful to patients who are suffering from systemic hypoxia.
In summary, our results indicate that hypoxic conditions increase the expression of PGC-1α and mitochondrial biogenesis in cardiac myocytes. The up-regulation of PGC-1α is mediated through an AMPK-dependent pathway. These effects could be an adaptive mechanism in an attempt to increase ATP output and minimize hypoxic damage to the heart. Thus, this study suggests that patients who are suffering from systemic hypoxia could potentially benefit from the elevation of PGC-1α expression.
Materials and Methods
Chemicals and reagents
DMEM F12 medium and compound C (AMPK inhibitor) were purchased from Sigma. DMEM, antibiotics, trypsin and fetal calf serum were from Gibco-Invitrogen. The RNeasy mini kit and RNase-free DNase set were purchased from Qiagen (Hilden, Germany). All other reagents were of analytical grade.
Study population
The study population includes 17 patients with TOF who underwent primary complete repair at Nanjing Drum Tower Hospital from 2004 to 2006. The patients with TOF, 10 male and 7 female, were between 1.5 and 36 years old. The control group consisted of 12 normal subjects who were deceased from non-cardiac causes (Supplementary information, Table S1 ). Informed consent was obtained from each individual before the surgery, and the study protocol was approved by the Institutional Review Board of Nanjing University, Nanjing, China. This investigation was carried out in accordance with the principles outlined in the Declaration of Helsinki.
Sampling
In all patients undergoing primary repair, muscle bundles that are routinely resected from the right ventricular outflow tract as part of the surgery were recovered. Myocardium specimens were either immersed in liquid nitrogen and transferred to a -80 °C freezer or were cut into 1-2 mm 3 size pieces, immediately fixed for 12 h in cold 3% glutaraldehyde in sodium cacodylate buffer, and set aside for ultra-structural evaluation. npg with phosphate. The tissues were then dehydrated in ethanol and propylene oxide and embedded in Maraglas epoxy resin, sectioned, and examined with a transmission electron microscope as previously described [41, 42] . Twenty randomly selected areas were photographed at 10 000× or 20 000× magnification. The mitochondrial volume densities were determined in a blinded fashion using the principles of Weibel and Steer as previously described [24] .
Electron microscopic study
Cell culture
H9c2 cells derived from embryonic rat ventricle (purchased from Cell Bank of Shanghai Institute of Biochemistry and Cell Biology, China) were cultured in DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin in an atmosphere of 95% air, 5% CO 2 at 37 °C. Primary rat neonatal cardiac myocytes were prepared from 1-day-old Harlan Sprague-Dawley rats as described [43, 44] and were cultured in DMEM F12 medium. Primary cardiac myocytes and H9c2 cells were subjected to normoxic or hypoxic conditions at 70%-80% confluence for 24 h. The hypoxic environment was created by the infusion of a pre-analyzed gas mixture of 95% N 2 and 5% CO 2 into an airtight modular chamber (Billups-Rothenberg, Inc.) as described previously [45, 46] . Compound C (Sigma, P5499), an AMPK inhibitor, was dissolved in DMSO and then further diluted in cell culture medium to different concentrations. All animals were treated in accordance with institutional animal-handling guidelines. This investigation was carried out in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
siRNA interference
All small interfering RNAs were synthesized by Invitrogen Biotechnology. The 19-nucleotide (plus two nucleotides at the 5' end) siRNA sequences were as follows: α1-AMPK, GCA UAU GCU GCA GGU AGA U; α2-AMPK, CGU CAU UGA UGA UGA GGC U; PGC-1α, GAC GGA TTG CCC TCA TTT G; and scrambled siRNA, AUU GUA UGC GAU CGC AGA C. The combination of α1-and α2-AMPK siRNA was transfected into cells to achieve the most effective gene silencing as described previously [47, 48] . All siRNAs were transfected into cells using Lipofectamine reagent (Gibco-Invitrogen, Carlsbad, CA, USA) according to the manufacturer's manual.
mtDNA copy number assay
The relative mtDNA copy number was determined by real-time quantitative PCR as described previously [49, 50] . Genomic DNA was extracted from human samples or cardiac myocytes using the QIAamp DNA isolation kit (Qiagen, Hilden, Germany). Mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) copy number was determined by real-time PCR using SYBR Green on an ABI 7300 Thermocycler. Human mtDNA was amplified between nucleotide positions 3459 and 3569, while rat mtDNA was amplified between nucleotide positions 2469 and 2542. The human globulin gene and rat GAPDH gene were selected for the quantification of nDNA copies. All samples were run in triplicate. Relative copy number was calculated from the threshold cycle value (∆Ct value). All primers used are listed in Supplementary information, Table S2 .
Cellular respiration assay
Whole-cell respiration was measured as described before [19] .
Briefly, cells were washed with PBS and detached by trypsinization. They were then resuspended in PBS and transferred to a 2-ml Clark-type oxygen electrode chamber that was connected to a circulating water bath at 37 °C. Basal respiration was measured, and then nonphosphorylating (uncoupled) respiration was determined in the presence of the ATP synthase inhibitor oligomycin (2.5 µg/ ml). The maximum respiration of cells, induced with 2 µM FCCP, was measured. After finishing the measurements, cells were collected from the chamber, and their protein concentrations were determined using the BCA kit (Pierce).
RNA isolation and analysis
Total RNA was isolated from human samples, primary cardiac myocytes and H9c2 cells using the RNeasy kit according to the manufacturer's instructions. cDNA was synthesized and subjected to PCR amplification using the ABI 7300 Thermocycler. The relative abundance of mRNA was determined from the Ct values and was normalized to the geometric mean value of several housekeeping genes. RPLP0, HPRT1, POLR2A and β-actin were used as human housekeeping genes, while HPRT1, SDHA and β-actin were used as rat housekeeping genes. All primers used are listed in Supplementary information, Table S2 .
Western blot analysis
For western blot analysis, 60 µg of the total protein extracted from heart tissue and harvested cells was used in 7.5% SDS-PAGE gel electrophoresis for PGC-1α detection. Rabbit polyclonal PGC-1α antibody (Santa Cruz Biotechnology, USA) and mouse monoclonal GAPDH antibody (Santa Cruz) were used as primary antibodies. Expression level was quantified by densitometry with NIH Image software using three independent western blots.
Statistical analysis
All results are expressed as means ± SEM. Data were analyzed using one-way ANOVA and Student-Newman-Keuls tests for multiple comparisons or Student's t tests for unpaired data. In all cases, P ≤ 0.05 was considered as statistically significant.
